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Abstract

Platinum (Pt) drugs are widely utilized in cancer chemotherapy. Although cytotoxic and resistance mechanisms of Pt drugs have been thoroughly
explored, it remains elusive what factors affect the receptiveness of DNA to drug-induced damage in nuclei. Here, we demonstrate that nuclear
locations of chromatin play a key role in Pt drug-induced DNA damage susceptibility in vivo. By integrating data from damage-seq experiments

with 3D genome structure information, we show that nuclear locations of ¢
patterns of cisplatin DNA damage susceptibility. This aligns with observa

hromatin relative to specific nuclear bodies and compartments explain
tions of cisplatin enrichment in biomolecular condensates at certain

nuclear bodies. Finally, 3D structure mapping of DNA damage reveals characteristic differences between nuclear distributions of oxaliplatin-
induced DNA damage in drug resistant versus sensitive cells. DNA damage increases in gene-poor chromatin at the nuclear periphery, while it

decreases in gene-rich regions located at nuclear speckles. This suggests
chemoresistance development.
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Introduction

Platinum drugs (Pt drugs), such as cisplatin, oxaliplatin,
and carboplatin, are major front-line anti-cancer treatments
widely used for various cancers, including lung cancer, ovarian
cancer, colon cancer, head and neck cancer, breast cancer, and
brain cancer [1-3]. However, the almost inevitable relapse of
cancer following Pt drug treatment remains a major challenge

[2,3]. Gaining a better understanding of cellular response pro-
cesses to Pt drug treatment is key for designing strategies to
increase Pt drug cytotoxicity and overcome resistance.

Two recently developed methods, damage-seq [4] and
cisplatin-seq [5], have mapped the locations of Pt drug-
DNA adducts in the genome at single-base-pair resolution.
In damage-seq an antibody specific to Pt drug-DNA adducts
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is used for immunoprecipitation of drug-damaged DNA, fol-
lowed by massively parallel sequencing to identify the loca-
tions of damaged DNA sites. In cisplatin-seq, a recombinant
HMGBI protein recognizes Pt-drug induced DNA distortions
at damage sites. Both studies indicated that the local chro-
matin structure influences the distribution of cisplatin-induced
damage in the genome [4, 5]. For instance, damage-seq re-
vealed a slight decrease in cisplatin-induced damage at the lo-
cation of nucleosomes in the DNA sequence. Moreover, in-
hibitors of chromatin remodeling complexes that promote
chromatin compaction (e.g. histone deactetylases and DNA
methyltransferases) have been shown to increase the cytotox-
icity of Pt drugs and even overcome resistance in lung cancer,
pointing to a role of local chromatin structure in the cisplatin-
based cancer therapy [6-12]. Additionally, imaging experi-
ments revealed that Pt drug concentrations are depleted in
heterochromatic regions [13].

However, local chromatin condensation is not the only fac-
tor influencing the susceptibility of specific DNA regions to
Pt drug-induced DNA damage. Recent imaging studies have
shown increased colocalization of Pt drugs with several nu-
clear bodies, including transcriptional condensates, nuclear
speckles, and nucleoli, pointing to an increased concentration
of Pt drugs in specific biomolecular condensates [8, 14, 15].
These studies therefore suggest that the sub-nuclear location
of chromatin regions can expose certain DNA regions asso-
ciated with nuclear bodies to higher local concentrations of
Pt drugs, leading to a higher overall susceptibility of these re-
gions to DNA damage. Moreover, Pt drug treatment has been
shown to trigger nucleolar stress and aberrant nucleolar mor-
phology [16-18].

Despite these advances, it remains unclear how the nuclear
architecture influences Pt drug distributions iz vivo, and if un-
even Pt drug distributions could explain variations in DNA
damage susceptibility across genomic regions. Imaging and ge-
nomics studies have shown that chromosomes occupy distinct
territories within the nucleus, with preferred spatial locations
[19]. For example, some chromosomal regions, mostly tran-
scriptionally active, are preferentially located toward the nu-
clear interior, whereas others, mostly silenced regions, show
high probability to occupy the nuclear periphery near the nu-
clear lamina. Certain chromosomal regions were found with
higher propensity close to nuclear speckles, while others show
preferential locations toward nucleoli, the lamina compart-
ment or other nuclear bodies [19, 20]. The preferential lo-
cations of genomic regions can vary between cell types and
during cell differentiation [20]. Thus, uneven distributions of
Pt-drugs in the nuclear environment may expose chromatin
regions to different levels of DNA damage susceptibility de-
pending on their preferential location in the nucleus. How-
ever, no study exists today that has explored in detail the role
of the 3D nuclear architecture in the distribution of Pt drug-
induced DNA damage on a genome-wide scale. Moreover, it
remains unclear whether manipulation of this uneven distri-
bution of Pt-drug induced DNA damage could contribute to
the development of cancer-resistant cell.

Here, we fill this gap. In this work, we aim to study the
relationship between the 3D nuclear locations of chromoso-
mal regions and their susceptibility to cisplatin and oxali-
platin drug induced DNA damages. We previously developed
a population-based genome structure modeling approach,
which uses Hi-C data [21, 22] to generate a population of
single-cell 3D genome structures that not only recapitulate

the Hi-C data but also accurately predict orthogonal exper-
imental data describing the nuclear organization of genomic
regions [22, 23], including their average radial positions from
GPSeq experiments [24], distances to nuclear speckles from
SON-TSA-seq data [25], and nuclear lamina from lamin B1
TSA-seq and DamlID data [25, 26], as well as single-cell chro-
mosome conformations from multiplex DNA-FISH imaging
[27]. Here, we use such 3D genome structures (see Materi-
als and methods) to explore the distribution of cisplatin- and
oxaliplatin-induced DNA damage throughout the 3D nuclear
genome organization using damage-seq data. Specifically, we
study wether the preferential nuclear locations of genomic re-
gions relative to specific nuclear bodies and compartments in-
fluences the distribution of DNA damage susceptibility ob-
served in damage-seq experiments. Our results demonstrate
that the global 3D genome structure organization plays a ma-
jor role in modulating Pt drug-induced DNA damage levels,
both for increasing and alleviating cisplatin-induced damage
in specific DNA regions. Strikingly, we found that a dominant
factor in the enrichment of DNA damage in the nuclear en-
vironment is a close distance to nuclear speckles and an in-
terior radial position in the nucleus. We also found that cis-
platin drug-induced damage is not only enriched in transcrip-
tionally active regions but also slightly enriched in polycomb-
repressed regions of the B1 subcompartment, which can be ex-
plained by the location of some polycomb-repressed regions
at the nuclear interior close to speckles [28, 29]. Thus, our
results demonstrate that DNA damage susceptibility depends
not only on the local chromatin structure and DNA accessi-
bility but also on global factors related to the nuclear orga-
nization, likely due to enriched concentrations of cisplatin in
nuclear bodies and biomolecular condensates at preferential
locations in the nucleus. This finding supports recent observa-
tions that cisplatin can be enriched in molecular condensates
linked to nuclear bodies [14, 15]. To further investigate how
nuclear architecture contributes to the development of cancer
chemoresistance, we conducted Hi-C and oxaliplatin damage-
seq experiments on both chemosensitive and chemoresistant
HCT116 cancer cell lines, generating 3D genome structures
for both cell lines. A comparative analysis revealed that, in
chemoresistant cells, oxaliplatin-induced damage was reduced
in gene-rich chromatin adjacent to nuclear speckles, while
damage was increased in gene-poor regions associated with
nuclear lamina compartment. The altered DNA damage distri-
bution in chemoresistant cells agrees with the classical “body-
guard hypothesis”, which suggests that heterochromatin in
the lamina compartment acts as a protective buffer for gene-
rich euchromatin against DNA damage [30]. Thus, our re-
sults underscore the influence of global nuclear organization
on DNA damage susceptibility, providing a mechanistic in-
sight relevant for future studies in Pt-drug resistance and
cytotoxicity.

Materials and methods

Cell culture

Oxaliplatin sensitive HCT116 cell line (HCT116 OxS cell)
is purchased from ATCC (https://www.atcc.org/products/ccl-
247); oxaliplatin resistant HCT116 cell line (HCT116 OxR
cell) was obtained from MD Anderson Cancer Center Char-
acterized Cell Line Core, supplied and generated by the Dr. Lee
Ellis Laboratory. Both HCT116 OxS and HCT116 OxR were
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cultured in McCoy’s 5A cell culture medium (Gibco) with
10% (v/v) fetal bovine serum (FBS) and 1% (v/v) PenStrep.
Cells are grown at 37°C in a humidified 5% CO; incubator.
Both cells were screened for Mycoplasma contamination with
MycoStrip (InvivoGen, rep-mys-10) and tested negative.

Chromosome ploidy and karyotype analysis
Chromosome analysis was performed using standard oper-
ating procedures for GTG banded (G-banding with Trypsin
and Giemsa staining) karyotype analysis. A total of 20
metaphase cells were fully analyzed to detect chromosomal
abnormalities. Ploidy assessment indicated that all examined
cells were near-diploid, harboring 44-45 chromosomes, con-
sistent with the parental HCT116 cell line [31, 32]. The
composite karyotypic profile of HCT116 OxR broadly re-
sembled that of the parental line, notably exhibiting unbal-
anced translocations resulting in a derivative chromosome
16 [der(16)t(8;16)(q13;p13) and a derivative chromosome
18 [der(18)t(17;18)(q12;p11.3)], as well as a consistent loss
of the Y chromosome. Additional abnormalities unique to
HCT116 OxR included a deletion of the short arm of chro-
mosome 1 [del(1)(p12)], the presence of additional unknown
chromatin material on the short arm of chromosome 15
[add(15)(p11.2)] observed as a homogeneously staining re-
gion, extra chromatin material on the short arm of chromo-
some 18 [add(18)(p11.1)], and loss of one copy of chromo-
some 18 in some cells. Moreover, 1-5 double minutes and ad-
ditional chromatin material on the long arm of chromosome
10 [add(10)(q22)] were noted. Although an abnormality in-
volving chromosome 10 was reported in the parental cell line,
it is unclear whether this observation corresponds directly due
to the limitations of G-banded karyotyping.

Treatment with oxaliplatin

Cells were cultured until they reached 70% confluency before
treatment. In previous cisplatin damage-seq, GM12878 cell
line was treated by 200 uM cisplatin for 1.5 h. Oxaliplatin has
lower dose of treatment concentration for colon cancer com-
pared to cisplatin due to its higher cytotoxicity (https://www.
cancerrxgene.org). To make the oxaliplatin treatment compa-
rable to cisplatin damage-seq, oxaliplatin (Sigma, #09512)
was dissolved in DMF (N,N-Dimethylformamide, D4551,
Sigma)to create a 4 mM stock solution, which was then added
to the medium to achieve a final concentration of 50 uM. The
viability of cells treated with DMF alone (97.2% and 97.6%)
is comparable to untreated cells (98.0% and 97.3%), indicat-
ing that the concentration of DMF used does not adversely
affect cell viability. After added oxaliplatin, cells were further
incubated for either 3 or 24 h at incubator. Following incuba-
tion, the cells were washed with PBS and collected via trypsin
digestion. The resulted cell pellets were then frozen at —80°C.
For in vitro experiments, 2 pg genomic DNA was treated with
50 uM oxaliplatin in an aqueous solution at 37°C for 15
min. The DNA was then purified using 2x AMPure XP beads
(Beckman, #A63881) for damage-seq library preparation.

Oxaliplatin damage-seq
Oxaliplatin damaged-DNA immunoprecipitation

The oxaliplatin damage-seq method is adapted from the
protocol described in both cisplatin-induced and UV-
induced damage-seq paper [1, 33] (Oligo sequences are in
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Supplementary Table S3). Briefly, cell pellet is resuspended in
200 pl of DPBS (Dulbecco’s Phosphate Buffered Saline, Gibco,
14190-144)with 10 ul of RNase A (Thermo #EN0531), 20 ul
of Proteinase K, and 200 ul of Buffer AL (both are from QIA-
GEN #69504). The suspension was then incubated at 55°C for
20 min, followed by purification with the QIAGEN DNeasy
Blood & Tissue Kit (QIAGEN #69504) according to manufac-
turer’s instruction. The purified genomic DNA is subsequently
sonicated into 200-700 bp fragments with Covaris sonicator.
The fragmented genomic DNA (~2 ug) was used for end re-
pair, 5’ phosphorylation, and dA-Tailing using 3 pl of End
Prep Enzyme Mix and 7 ul of End Prep Reaction Buffer (NEB
#E7546 or as included in NEB #E76435), at 20°C for 30 min
and then 65°C for 30 min, before cooling down to room tem-
perature. Following this, annealed AD1 adapter (500 pmol)
was ligated to End Prepped DNA with 30 ul of Ligation Mas-
ter Mix and 1 ul of Ligation Enhancer (NEB #E7595 or as in-
cluded in NEB #E76435) at 16°C overnight. AD1 ligated DNA
was purified with 1.2x AMPure XP beads and eluted in 50
ul of nuclease-free water. Before the incubation with antibody
coated beads, AD1 ligated DNA was denatured into ssDNA
with 20 pl of 8 M urea at 95°C for 1 min, then placed on ice
for 1 min, and immediately incubated with antibody coated
beads.

To prepare the antibody coated beads, 40 ul anti-rat Dyn-
abeads (Thermo, #11035) was washed three times with 1
ml of 1x PEXB buffer (1x PBS, 2 mM EDTA, 0.01% Tri-
ton X-100, and 0.025% albumin). The beads were then incu-
bated with 10 pg salmon sperm DNA (Thermo, #AM9680)
and 1.5 pl of anti-cisplatin modified DNA antibody (Abcam,
#ab103261) in 100 ul of 1 x PEXB buffer at 4°C with rotation
for 3 h. After incubation, antibody coated beads were then
washed three times by 1 ml of 1x PEXB buffer and incubated
with denatured, AD1 ligated DNA, and 10 pg salmon sperm
DNA overnight at 4°C, to capture the oxaliplatin damaged
DNA.

The beads were then washed subsequently with 400 ul of
Wash Buffer U (20 mM Tris=HCI, pH 8, 2 mM EDTA, 1%
Triton X-100, and 2 M urea), 400 ul of Wash Buffer II (20
mM Tris-HCI pH 8, 2 mM EDTA, 1% Triton X-100, 0.5 M
NaCl, and 0.1% SDS), 400 ul Wash Buffer III (10 mM Tris—
HCI pH 8, 1 mM EDTA, 150 mM LiCl, 1% IGEPAL CA-630,
and 1% Na deoxycholate), 400 pul of Wash Buffer IV (100 mM
Tris-HCI pH 8,1 mM EDTA, 500 mM LiCl, 1% IGEPAL CA-
630, and 1% Na deoxycholate), and 400 ul of 1x TE (10 mM
Tris=HCI and 1 mM EDTA). The oxaliplatin damaged DNA
fragments were then eluted from beads with 100 pl of Elution
buffer [50 mM NaHCOj3, freshly prepared, 1% (w/w) SDS
(Sodium dodecyl sulfate, Sigma, L3771)] at 65°C for 10 min.
The eluted DNA was then precipitated by adding 10 ul of 3M
sodium acetate solution, 1 pl of glycogen (Thermo #R0561),
and 300 pl of ethanol at -80°C overnight.

Damage-seq library preparation

Ethanol precipitated DNA is dissolved in 7 ul of nuclease-
free water. To this solution, Bio3U primer (30 pmol), 10 ul of
QS5 Master Mix (NEB #M0544 or included in NEB #E7645)
and nuclease-free water were added to reach a total volume
of 20 pl. Primer extension is performed at 98°C for 43 s, fol-
lowed by 65°C for 5 min, and then placed on ice for cooling.
Next, 2 ul of Exo I (NEB, M0293S) was added to remove the
excessive primers at 37°C for 10 min. The primer extended
DNA is then purified with 2x AMPure XP beads, and eluted
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with 30 ul of water. The DNA elute was denatured at 95°C
for 90 s, and then immediately placed on ice for 2 min. The
denatured DNA is subsequently incubated with 5 ul Strep-
tavidin C1 beads (Thermo, #65001) in 30 ul of 2x B&W
buffer [B&W final concentration (1x): 5 mM Tris—=HCI pH
7.5,1 mM EDTA, 1 M NaCl] at 4°C for 1 h to allow the bi-
otinylated DNA being captured by C1 bead. The bead is then
washed first with 100 pul of 1x B&W buffer, and then with
100 pl of 1x TE buffer. Finally the DNA was released from
C1 beads into 18 ul of 0.1x TE by adding 2 pl of USER en-
zyme (NEB, #M5505) and incubating at 37°C for 25 min. The
beads were washed by 25 pl of 1x B&W, and the supernatant
was combined with the 20 ul of DNA elute obtained from the
previous step.

To eliminate Bio3U extended DNA strand that read
through the intact DNA fragment without damage (subtrac-
tive hybridization), Oligo SH (20 pmol) was added, followed
by denaturing at 95°C for 1 min and naturally cooling down
to room temperature to allow hybridization. Oligo SH hy-
bridized product was then captured by adding 10 ul of Strep-
tavidin C1 beads (resuspended in 60 ul of 1x B&W) for 1 h
at 4°C. DNA was purified by ethanol precipitation at -80°C
overnight.

To added second adapter to the 3’end, purified DNA was
incubated with annealed AD2 (40 pmol) in 10 ul of 1x hy-
bridization buffer (10 mM Tris—=HCI, pH 7.5, 100 mM NaCl,
and 0.1 mM EDTA) at 65°C for 10 min, and then 16°C
for 5§ min. After adding 10 ul of ligation mix (from Thermo
#EL0013, 2 ul of 10x ligation buffer, 1 ul of T4 DNA ligase
(HC), 1 ul of 50% PEG solution, and 1 ul of nuclease-free wa-
ter), the AD2 ligation reaction is incubated at 16°C overnight.
The ligation product was then purified by 2x AMPure XP
beads and PCR (Polymerase chain reaction) amplified by QS
Master Mix (NEB #M0544 or included in NEB #E7645S) for
13-16 cycles. The PCR products were purified with AMPure
XP beads.

Hi-C library preparation and data processing
HCT116 OxR control cells Hi-C library was generated
with the Arima-HiC kit (Arima Genomics, #A510008, Doc-
ument #A160134 v01) and Arima Library Prep Module
(Arima Genomics, Cat #A303011, Document #A160432
v02) following manufacturer’s instruction. Raw sequencing
data are processed following 4DN in-situ Hi-C data pro-
cessing pipeline (https://data.4dnucleome.org/resources/data-
analysis/hi_c-processing-pipeline).

Generation of population of genome structures
from ensemble Hi-C data

The populations of diploid whole genome structures for the
GM12878, HCT116 chemosensitive (HCT116 OxS), and
HCT116 chemoresistant (HCT116 OxR) cell lines were gen-
erated from Hi-C data using our population-based genome
structure modeling approach. GM12878 structures were
taken from our previous publication [23]. HCT116 OxS cell
Hi-C data were taken from Rao et al. 2017 [34]. Our ap-
proach is based on a data-deconvolution strategy and simu-
lates a population of single-cell genome structures that statis-
tically recapitulate the chromatin contact probabilities from
experimental Hi-C data. To describe chromatin contacts in
single cells and discriminate between homologous chromo-
some copies, we introduced latent variables that contain all

missing information. Genome structure models are then gen-
erated by jointly optimizing both the latent variables and the
coordinates of the structures, so that the input Hi-C data
are statistically recapitulated by the models. This is a high-
dimensional optimization problem, for which we adapted a
hard Expectation-Maximization algorithm that uses a series
of optimization strategies for efficient and scalable model es-
timation. More technical details can be found in [21, 22, 35].
Upon convergence, the resulting population consists of a pop-
ulation of single-cell 3D genome structures for GM12878
cells.

These models not only recapitulate ensemble Hi-C data
with excellent agreement but also predict a variety of inde-
pendent experimental data with high accuracy, both ensem-
ble averaged data as well as cell-to-cell variability of single-
cell structural features. Our model predict with high correla-
tion [22,23] average radial positions from GPSeq experiments
[24], mean distances of chromatin regions to nuclear speckles
from SON TSA-seq [25], contact frequencies between chro-
matin regions and the nuclear lamina from lamin B1 DamID
[26], mean distances between chromatin regions and the lamin
compartment at the nuclear envelope from lamin B1 TSA-
seq experiments [25], speckle association frequencies (SAFs),
and lamina association frequencies of genomic regions from
DNA MERFISH multiplex imaging [27]. Simulated single-cell
chromosome structures were also validated against single-cell
structures from DNA MERFISH chromosome tracing experi-
ments with excellent agreement [22, 23]. Thus, our genome
structure models provide a valuable source of information
about the structural microenvironment of genes in the nucleus.

Structural representation

The nucleus in our whole genome structure models is repre-
sented by a sphere with a radius R = Sum for GM 12878 cells,
and ellipsoid semi axes a = 12350mm, b= 9640nm, c=
6920nm for HCT116 cells. Chromosomes are represented by
a polymer chain model at 200 000 base-pair resolution. The
full diploid genome is represented with a total of 30 332 ge-
nomic regions for GM12878 cell [23], and 30 906 genomic
regions for HCT116 cells

Calculation of structure features from 3D genome
structures
GM12878 structural features were taken from our previ-
ous publication [23], HCT116 structural features were cal-
culated as described below (same as the method to calculate
GM12878 structural features). Here, we summarize the key
principles.

Mean radial position (RAD) of a chromatin region i is cal-
culated as:

M 7 m

Where M is the number of structures in population, 7; ,, is
the distance of locus i to the nuclear center in structure 77, and
R represents the nucleus radius.

Interior localization frequency (ILF) of a chromatin region
i is calculated as:

ILE _ ny/R<0.5
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Where M is the number of structures in population, 7,/ <05
is the number of structures where either copy of the chromatin
region i has a (normalized) radial position % < 0.5.

Locations of nuclear speckles or nucleolus in
genome structures

In each genome structure chromatin regions known to interact
most frequently with nuclear speckles (e.g. chromatin in the
interior nucleus, RAD < 0.5)) where represented as a chro-
matin interaction network (CIN), where each node is a ge-
nomic region and an edge between two nodes is drawn if the
corresponding regions physically interact in a given structure.
Markov clustering (MCL-edge in the mcl tool [36]) is then
performed to identify in this interaction network highly con-
nected subgraphs with at leads 20 nodes. We showed that the
geometric centers of all nodes in these selected highly con-
nected subgraphs are a good representation of nuclear speckle
locations in each single-cell genome structure. These models
with predicted speckle locations can predict with good accu-
racy SON-TSA-seq experimental data, that measure the cyto-
logical distances between genomic regions and nuclear speck-
les at a genome-wide scale as well as SAFs from DNA MER-
FISH experiments [23]. Nucleolus locations were identified
using nucleolus organizing chromatin regions [37] as input
chromatin regions and same method for Markov clustering.

Average distance to the closest speckle (SpD)or nucleolus
(NuD) refers to the average distance of a chromatin region i
to the nearest predicted speckle (or nucleolus) location:

SMNuD;
M

Where M is the number of structures in the population,
SpD; ,n (NuD; ,,) is the distance of region 7 to the nearest
speckle (or nucleolus) location in structure 7.

SAF, lamina association frequency (LAF), and nucleolus as-
sociation frequency of a chromatin region 7 are calculated as:

== , NMDI =
M

M, <d, T M4/ -4,
2M

Where M is the number of structures in the population,
74,4, is the number of structures, in which the first homolo-
gous copy of chromatin region i has a distance to the nuclear
body of interest (speckle, nucleolus, or lamina/nuclear periph-
ery) smaller than the threshold distance (500 nm for speckle,
0.35R for lamina, and 1000 nm for nucleolus); 7,/ _, is the
corresponding number of structures, in which the second ho-
mologous copy 7 has a distance to the nuclear body of interest
smaller than the threshold distance.

Predicted SON TSA-seq data and Lamin B1 TSA-seq data
were calculated as described and taken from [23].

SAFE (or NAE, LAF) =

Local chromatin fiber decompaction (RG)

The local compaction of the chromatin fiber is estimated by
the radius of gyration (RG) for a 1 Mb region centered at the
locus:

N
RG; =) di,
j=1

Where N is the number of chromatin regions (depends on
the resolution, for 200 kb region N = 5) in the 1-Mb window,
and d; ,, is the distance between the chromatin region j to the
center of mass of the 1-Mb region, in the structure 1.
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Median transA/B ratio

We define the trans neighborhood {j} of a chromatin region 7 as
the set of regions from other chromosomes whose center-to-
center distances to region i are <500 nm, which can be ex-
pressed as a set; Net = {j : chrom; # chrom; d;j < 500nm}.
The transA/B ratio can be expressed as:

t

n
TransA/Bratio; = — A .
1yt np

Where 7!, and 7% are the number of transA and B regions in
the set Ne! for the region i. The median of the transA/B ratios
for a given region is then calculated as the median value of all
the transA /B ratios observed in the homologous copies of the
region across all the structures.

Damage-seq data processing
We compare data from two types of DNA damage-seq ex-
periments [4]. First, data from cultured cells (GM12878 or
HCT116) treated with Pt drug, termed iz vivo damage-seq
data set. Second, control data of isolated DNA from cells
treated with Pt drugs following the same procedure; we refer
to this data set as the in vitro damage-seq data set.
Oxaliplatin damage-seq data were generated as previously
described. Cisplatin damage-seq data were downloaded
from  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE82213. Paired-ended fastq files of both data was trimmed
by trimmomatic (v0.39) [38]. They were mapped to the
human genome GRCh38 with HISAT2 (v2.2.0) [39] using
parameter —rna-strandness RF —pen-noncansplice 1000000.
Samtools (v1.0) [40] was used to convert the sam to bam files.
After fixing mate pair with -mc parameter using samtools fix-
mate and sorting coordinates using samtools sort, reads were
deduplicated by samtools markup. After PCR deduplication,
only reads whose 5’ start are GG (for plus strand) or CC (for
minus strand) are saved as potential cisplatin modified sites.
R codes to extract the reads starting with GG and CC are
described in Yimit et al. [41] and can be downloaded from
https://github.com/yuchaojiang/damage_repair.

Binning

Data sets were binned to genomic windows of 200 kb, by
counting the damage sites within each bin. To avoid bias due
different sequencing depths, the number of damage sites per
bin N’?""”” and Nf"‘””“’ (in bin 7) are normalized by the me-
dian of ratio method as in DESeq2 paper [42].

In vivo damage enrichment value 5

Differences between the DNA damage distribution of in vivo
and in vitro samples reflect the effect of chromatin struc-
ture and its nuclear microenvironment on DNA damage
susceptibility.

For a given 200 kb bin 7, the iz vivo damage enrichment
value 7; is calculated as:

Nm vivo
ni = Lng L
N;ﬂ vitro

Where N v and N v are the normalized number of
damage sites per bin i for the i1 vivo and in vitro settings, as de-
fined above. 1 is the normalized damage level for bin and used

for the visualization of DNA damage in 3D genome structure
(Fig. 3C).
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Detection of significantly enriched iz vivo damage sites (EN)
and significantly depleted (DP) damage sites

Significantly enriched in vivo DNA damage sites (EN) are de-
fined as bins with n; > 1 and FDR < 0.05, while significantly
depleted in vivo DNA damage sites (DP) are defined as bins
with n; < 1 and FDR < 0.05. All other bins are referred to as
unchanged regions.

ChromHMM state analysis

ChromHMM annotates chromatin in GM12878 cells based
on epigenetic features into 15 ChromHMM states {i.e. Active
promoter, Strong enhancer ...}. We partitioned the genome
into a series of sequence intervals, each composed by consecu-
tive bases with the same ChromHMM state annotation [43].
The mean radial position (RAD) of an interval is calculated
from the corresponding genomic regions in the genome struc-
ture models. All ChromHMM intervals were stratified into
five groups {0, 1, 2, 3, 4} according to their mean radial posi-
tions. For example, intervals in quintile group 0 are those with
the lowest 20% RAD values.

The in vivo damage enrichment value n for a particular in-
terval i with ChromHMM state » and RAD quintile group

is calculated as:
Nin vivo
i b, r
Ni, b, r = LOg2 Nin vitro
i b, r

Where Ni:"h”i”" is the normalized number of in vivo dam-

age sites in interval 7 that belong to ChromHMM state b and
RAD group 7, i={0, 1, 2...n} are all intervals that belong to the
particular ChromHMM state h=(1, 2, ...H}.; N"7/""° is the
corresponding normalized number of iz vitro damage sites.
Normalization is performed by DESeq2 [42].

To generate the barplot in Fig. 4, the median in vivo damage
enrichment value M), , for a given ChromHMM state » and
radial group 7 is calculated as follows:

Mh, r= Mediﬂ”({nl, bors N2, b,r " Nu, b, rlFOT all Ni, b, r
€ ChromHMM state h and RAD group r})

Calculating enrichment of DP and EN regions
in Hi-C compartments

The enrichment fold of EN regions in a compartment s is cal-
culated as follows:

Nscomparzment (EN)
(Cscompartment (EN)>

Fcompartment (EN) —
s

o Where NP (EN) represents the number of EN re-
gions in compartment s, where s is either the A or B com-
partment.

o < Combanment EN)> is the expected number of EN re-
gions in compartment s, estimated as the average num-
ber of EN regions in compartment s from 10 000 random
permutations of EN regions across the genome.

e For each permutation, we determine C”"P*""“*(EN)
as the number of EN regions in compartment s,
creating a null distribution of expected counts.
The observed N{”"P“"""(EN) is then compared
against this distribution. The P-value enrichment fold
Feomparment (EN)is calculated as the proportion of per-

mutations where C"P"""(EN) is greater than or

equal to N”"P¥"" (EN).
p — value = (Number of permutations with

Ceompartment (ENJ) > Neombartment (ENT)) /10000.

The enrichment of DP regions in a compartment s is calcu-
lated accordingly as:
Ncompartmenl (DP)

S

Fcompartment DP) =
N ( ) < Cgcompaﬂment (DP) -

Calculating enrichment of DP and EN regions in
Hi-C subcompartments

The enrichment fold of EN rand DP regions in a subcompart-
ment s is calculated accordingly as:

Nssuhcompmtmem (EN)
<Cssubcompanment (EN))

Fssubcompartment (EN) —

Nssubcompartment (DP)
< Cscsubompaﬂment (DP) <

where s is either the A1, A2, B1, B2, or B3 subcompartment
as defined in Rao et al. [44].

Fsubcompartment (DP) —
s

Calculating the enrichment of DP and EN regions
for each Hi-C compartment stratified over RAD or
SpD quintile groups

DP and EN regions are categorized into two groups s € {A, B}
according to their compartment annotation. Then each com-
partment group was classified into five RAD quintiles groups
r = {0, 1, 2, 3, 4} according to their mean radial positions
(RAD) in the genome structure population. The enrichment
fold of EN regions at a particular RAD quintile group r and
compartment s is calculated as:

RAD
BN (EN) = — o 0]

’ < CRAD (EN) >

Where N*P(EN) is the number EN regions that belong to
the RAD quintile group re {0, 1, 2, 3, 4} and compartment
s e {A, B} < CEATD(EN) > is the random control calculated
as the average number of EN regions within RAD quintile
group 7 and compartment s across 10 000 randomly selected
permutations of EN regions across the genome.

The enrichment fold of DP sites at a RAD quintile group r
and compartment s is calculated accordingly as:

RAD
PR (pp) = et 00

' < CRAD(DP) >
where, Nf*)D(DP) is the number DP sites that belong to
a particular RAD quintile group r and compartment s. <
CRAD(DP) > is the random control calculated as the average
number of DP sites within RAD quintile group  and compart-
ment s across 10 000 randomly selected permutations of DP
sites across the genome.

To calculate the fold enrichment of EN regions at various
speckle distances (SpD), DP and EN regions are first catego-
rized into two compartment groups s€ {A, B} according to
their compartment annotation. For each compartment group
EN regions were classified into quintiles p € {0, 1, 2, 3, 4}
based on their average speckle distances (SpD) in the genome



structure population. The fold enrichment of EN regions at a
particular SpD quintile group p and compartment s is calcu-

lated as:
SpD

FSPP (EN) = N;", (EN)
o P < CP(EN) >

With Nipgas the number of EN regions that belong to a
SpD quintile group p and compartment s. < Cip?(EN) > is
the random control calculated as the average number of EN
regions within SpD quintile group p and compartment s across
10 000 randomly selected permutations of EN regions across
the genome.

The fold enrichment of DP regions at a SpD quintile group

p and for compartment s is calculated accordingly as:
SpD

FApD DP) = Ns, P (DP)
«p (DP) = —F5———

<G, (DP) >

where, Nip[? is the number of DP regions that belong to SpD

quintile group p and compartment s. < Cipf,)(DP) > is the
random control calculated as the average number of DP sites
within SpD quintile group p and compartment s across 10
000 randomly selected permutations of DP sites across the
genome.

Calculate the enrichment of feature values
from experimental dataset and 3D genome
structures for genomic regions at DP, EN, and
unchanged regions

We calculated the fold enrichment of several features derived
from either 3D genome structures, histone modifications, or
TSA-seq experiments. Histone modification and TSA-seq data
sets where binned to make them comparable to 3D genome
structure features. Binning was performed with the pyBigWig
python package by computing the mean signal over each 200
kb genomic window.

Feature values are normalized to a range of 0 and 1 us-
ing min-max normalization. The normalized signal is then
used to calculate the enrichment fold E/*“of feature e =
{RAD, SpD, histone ChIP — seq, TSA —seq---}.

The enrichment fold of a specific feature value in EN re-
gions is calculated as:

N!'eature (EN)

Fefeatme (EN) — e
< G} (EN) >

Where N/“"“*(EN) is the mean feature value in EN re-
gions. < C/*™"(EN) > is the random control as the mean
feature value calculated from randomly permuted EN regions
across the genome. The permutation is conducted 100 times.

The following feature values were analyzed: (i) genome
structure features: RAD, ILE SpD, NuD, NAF LAF RG,
and ICP transAB, (ii) TSA-seq data (LaminaA/C TSA-seq,
Lamin B1 TSA-seq, pSC35 TSA-seq, and ON TSAA-seq; (iii)
histone modifications (H3K36me3, H3K27me3, H3K9me2,
H3K9me3, H3K9ac, H4K20mel, H3K4mel, H3K4me2,
H3K4me3, H3K27ac, H2AFZ, and H3K79me2). For distance
metrics like RAD, SpD, and NAD, we use 1- RAD, 1 -SpD, and

1-NAD to calculate /",

3D genome shapes platinum-induced DNA damage 7

Similarly, the enrichment fold for a specific feature in DP
regions is calculated as:

Nefeature (DP)

feature _
Fe (DP) - <CZeature (DP)>

Where N/ (DP) is the mean feature value in DP sites
and < C[“"(DP) > as the random control as described
above.

Correlation between experimental XR-seq data and
in vivo damage enrichment values as well as 3D
genome structure features

XR-seq data is binned at 200 kb. The scipy.stat module is used
to compute the Spearman correlation, the p-value, and R value
between in vivo damage enrichment values 5 and XR-seq sig-
nal and between 3D genome features and 7. Stat.linregress
function is used to compute the slope, and intercept in lin-
ear regression. Stat.gaussian_kde is used to estimate the the
density of scattered dots in scatter plots.

Calculation of partial correlation between in vivo
damage enrichment values, radial positions and
ATAC-seq signals

We used the partial correlation method [45] to computes the
correlation between two variables x and y conditioning on the
third variable z. This partial 7,,, ; can be formulated as:

Txy — Vxzlyz

Txy, z =
\/(1 —7r2,) (l - r%z)

Where 7;; represents the correlation between any two vari-
ables i, j € {x, y, z}, which can be either Pearson’s or Spear-
man’s. Here x represents iz vivo damage enrichment value, y
represents chromatin accessibility, z represents radial position
for every 200 kb genomic bin. Using partial_corr function in
the Pingouin python package, we calculated the partial corre-
lation between in vivo damage enrichment values and chro-
matin accessibility conditioning on radial position (ry,, ;), and
the partial correlation between in vivo damage enrichment
values and radial positions conditioning on chromatin accessi-
bility (7., y), Spearman correlation is used here for computing
partial correlation and p-value.

Gene Ontology and expression analysis

Genes whose TSS in EN or DP regions were extracted for
Gene Ontology analysis using Gene Ontology webserver
(http://geneontology.org), for the GO terms with enrichment
fold > 1, top 11 terms with lowest FDR were selected as rep-
resentative terms

Results

We study the role of the nuclear microenvironment on the sus-
ceptibility of DNA for Pt drug-induced damage. To achieve
this goal, we combine Pt drug-induced DNA-damage data
from DNA damage-seq experiments (Fig. 1A) with infor-
mation about the locations of chromosomal regions within
the nuclear topography from a population of single-cell 3D
genome structures, generated from Hi-C data using the Inte-
grative Genome Modeling (IGM) platform [22, 23] (Fig. 1B)


http://geneontology.org
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Figure 1. lllustration of the workflow. (A) Schematic view of damage-seq experiments in GM12878 cells. In vivo damage-seq was performed on intact
nuclei, while in vitro data were generated from isolated DNA extracts. Damage enriched and depleted regions were identified by comparing the damage
signal between the in vivo and in vitro groups. (B) Results of damage-seq experiments (first profile from the top). /n vitro damage-seq signal is relatively
uniformly distributed at genome (second profile from the top). /n vivo damage-seq signal is not uniformly distributed, reflecting the impact of chromatin
structure and the nuclear microenvironment (third profile from top). To quantitively measure how chromatin structure and nuclear microenvironment
modulate DNA damage susceptibility. /n vivo damage enrichment value for a given 200 kb bin is calculated as the ratio of in vivo/in vitro damage signal
in this bin (fourth profile from the top). Damage-depleted regions (DP) are chromatin regions with significantly reduced DNA damage signals in in vitro in
comparison to in vivo damage-seq experiments (fifth profile from the top). Damage-enriched regions (EN) are chromatin regions with significantly
increased DNA damage signals in in vitro in comparison to in vivo damage-seq experiments. (C) Generation of 3D genome structures from Hi-C data by
population-based genome structure modeling as described in [22, 23]. Extraction of spatial features from the population of 10 000 genome structures
(see Materials and methods and [23] for details). Structures are used to predict location of nuclear bodies and a variety of structural features that
characterize the nuclear microenvironment of each genomic region in the genome. We combine this information with cisplatin-damage-seq data to
assess the impact of the nuclear environment on the DNA damage susceptibility of genomic regions. (D) Structural features calculated from 3D genome
structures: (first profile from the top) mean radial position (RAD), (second profile from the top) SAF, (third profile from the top) LAF, (fourth profile from
the top) predicted SON-TSA seq, (fifth profile from the top) predicted Lamina-TSA seq, and (sixth profile from the top) median transA/ B ratio (seventh
and eighth profile from the top) Hi-C subcompartments annotation, providing spatial information and functional connection of chromatin within the cell

nucleus. Overall, combining the structure features with damage-seq result (Fig. 1B) illustrate the influence of chromatin structure and nuclear

microenvironment on cisplatin-induced DNA damage susceptibility.

(Materials and methods). Our study focuses on lymphoblas-
toid cells (GM12878), for which cisplatin damage-seq exper-
iments are available for both in vivo (DNA-damage seq in in-
tact nuclei) and in vitro experiments (DNA-seq from isolated
DNA extracts) [4]. Then, we study the 3D nuclear distribu-
tion of oxaliplatin drug-induced DNA damage in drug sensi-
tive HCT116 OxS and drug resistant HCT116 OxR cancer
cell lines to investigate if chemoresistance coincides with a re-
distribution of DNA damage in the 3D genome structures.

The nuclear microenvironment affects cisplatin
induced DNA damage susceptibility of genomic
regions

We first identified chromatin regions that showed significantly
altered DNA damage between in vitro and in vivo damage-
seq experiments in GM12878 cells. In vivo damage-seq ex-
periments were performed on intact nuclei, while in vitro
damage-seq data were generated from isolated DNA extracts
[4] (Fig. 1A). GM12878 cells were treated with cisplatin at

a concentration of 200 uM for 1.5 h [46]. This dosage is
~10-fold higher than the ICs for cisplatin in cells [47] to
ensure that robust damage signal was detected. Differences
in damage-seq signals between both groups reflect the ef-
fect of chromatin structure and nuclear microenvironment on
cisplatin-induced DNA damage (Fig. 1B). Visual inspection
confirms that iz vitro DNA damage is more uniformly dis-
tributed across the genome compared to i vivo DNA dam-
age in intact nuclei (Fig. 1B). To identify regions with signifi-
cantly altered damage-seq signals between in vitro and in vivo
experiments, we divided the genome into consecutive 200 kb
bins [4]. Among the resulting 15 161 bins with DNA damage
sites a total of 2292 (15.1%), showed significantly different
cisplatin-induced damage between in vivo and in vitro con-
ditions (FDR < 0.03, using the statistical module in DESeq2
from two biological replicates [42] (Supplementary Table S1)
(Materials and methods) (Fig. 2A). Specifically, 1006 regions
(6.6%) showed significantly lower damage in the in vivo
damage-seq data compared to isolated i1z vitro DNA extracts
(Supplementary Table S1). These regions are more protected


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf315#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf315#supplementary-data
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Figure 2. Enrichment of EN/DP chromatin regions in different (sub)compartments, (A) Number and percentage of in vivo damage-enriched (EN) and
-depleted regions (DP). (B) Left panel, in each pair of bars, the right-hand bar represents enrichment fold of EN regions (i.e. in vivo damage-enriched
regions) for chromatin in different compartments and the left-hand bar indicates the corresponding control regions. Right panel, in each pair of bars, the
right-hand bar represents enrichment fold of EN regions for chromatin in different subcompartments and the left-hand bar indicates the corresponding
control regions [44]. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) Brown bars represent enrichment folds of random selected control regions for
chromatin in different compartments or subcompartments, respectively. (C) Left panel, in each pair of bars, the right-hand bar represents enrichment
fold of DP regions (i.e. in vivo damage-depleted regions) for chromatin in different compartments and the left-hand bar indicates the corresponding
control regions. Right panel, in each pair of bars, the right-hand bar represents enrichment fold of DP regions for chromatin in different
subcompartments and the left-hand bar indicates the corresponding control regions.

from DNA damage in the nuclear context (Fig. 2A). We name
these regions “in vivo damage-depleted” (DP) regions. Con-
versely, 1286 genomic regions (8.5%) were significantly en-
riched for DNA damage iz vivo compared to in vitro damage-
seq data (Supplementary Table S1), indicating greater suscep-
tibility to DNA damage within the nucleus in comparison to
isolated DNA. We refer to these regions as “in vivo damage-
enriched” (EN) regions (Fig. 2A).

Differential cisplatin-damaged regions are enriched
in specific chromatin compartments

One of our goals is to understand how the nuclear microen-
vironment influences DNA damage susceptibility, either en-
hancing or decreasing it for specific regions compared to iso-
lated DNA. To investigate this, we examined if EN and DP
regions are preferentially associated with distinct functional
chromatin compartments (Figs 1B and 2B). Genome-wide Hi-
C data classify chromosomal regions into two functional com-
partments: the transcriptionally active A and the inactive B
compartment. Regions within the same compartment exhibit
higher contact frequencies, while interactions between com-
partments are less frequent [48]. Our analysis revealed that
EN regions are enriched in the more open, active A compart-
ment and depleted in the B compartment (Fig. 2B, left panel).
In contrast, DP regions are depleted in the A compartment
and only slightly depleted in the B compartment (Fig. 2C, left
panel).

To further investigate these patterns, we assessed if EN and
DP regions are statistically enriched or depleted in Hi-C sub-
compartments. Rao et al. [44] used machine learning to Hi-
C data to classify chromatin into five dominant subcompart-
ments: two associated with active chromatin (A1 and A2) and
three inactive subcompartments (B1, B2, and B3). Each sub-

compartment shows distinct characteristics in terms of epi-
genetic features and replication timing. Active subcompart-
ments (A1 and A2) are marked by activating chromatin mod-
ifications. A1 is gene-rich, contains the most highly expressed
genes, and replicates early, while A2, replicates into mid-S
phase and contains on average longer genes than Al. Sub-
compartments (B1, B2, and B3) correlate with inactive chro-
matin. B1 is marked by H3K27me3 (facultative heterochro-
matin) and B2 is enriched in pericentromeric heterochromatin,
nucleolus-associated domains (NADs) and nuclear lamina,
while B3 is enriched in lamina-associated domains (LADs) but
depleted at NADs. Both B2 and B3 replicate late in S phase.

To evaluate transcriptional activity across subcompart-
ments, we calculated the mean Transcripts Per Million
(TPM) of genes within 200 kb bins of each subcompartment
(Supplementary Fig. S1). In GM12878 cells, the A1 and A2
subcompartments show higher transcriptionally activity than
the three B subcompartments, with genes in A1 being signifi-
cantly more transcribed than those in A2 (Supplementary Fig.
S1). While A2 is less active than A1, it remains significantly
more transcriptionally active than all three B subcompart-
ments. Notably, genes in the B1 subcompartment have signifi-
cantly lower transcriptional activity than A2 (Supplementary
Fig. S1).

Interestingly, EN regions are not only significantly enriched
in the active A1 subcompartment but are also moderately en-
riched in the silenced B1 subcompartment. In contrast, they
are slightly underrepresented in the transcriptionally more
active A2 subcompartment, and strongly depleted at inac-
tive B2 and B3 subcompartments (Figs 1B and 2B, right
panel). These patterns indicate that transcriptional activity
alone cannot fully explain variations in DNA susceptibility
to cisplatin-induced damage. DP sites are generally underrep-
resented across all subcompartments, except for the B3 sub-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf315#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf315#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf315#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf315#supplementary-data
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compartment, which corresponds to lamina-associated hete-
rochromatin [44] (Fig. 2C, right panel).

Cisplatin damage of chromatin is correlated with
their nuclear positions

Next, we analyzed the nuclear locations of EN and DP sites
within the nuclear topography, namely their locations with re-
spect to nuclear speckles, nucleoli and the lamina compart-
ment at the nuclear envelope. Information about the nuclear
organization is extracted from a population of 10 000 diploid
single-cell 3D genome structures generated from Hi-C data
by our population-based IGM genome structure modeling
method (Fig. 1C) [23]. We demonstrated that our 3D genome
structures predict with good accuracy the nuclear locations
of genomic regions as assessed by a variety of independent
experimental data, including the mean distances of genomic
regions to nuclear speckles from SON-TSA-seq data, associ-
ation frequencies to nuclear speckles from DNA MERFISH
experiments, mean distances to the lamin compartment from
lamin B1 TSA-seq data, contact frequencies to lamin compart-
ment from pA-lamin B1 DamID data, and radial positions of
genomic regions from GPSeq data [23]. Thus, we predicted
five structural features for each genomic region, characterizing
its nuclear microenvironment: radial position in the nucleus
(RAD), distance to the nearest nuclear speckle (SpD), distance
to the nearest nucleolus (NuD), local chromatin fiber decom-
paction (RG), and the median transA/B compartment ratio
(Trans A/B). Additionally, we measured four population-level
frequencies: ILF, SAF, nucleoli association frequency (NAF),
and LAF (Fig. 1D, see Materials and Methods). Some struc-
tural features like RAD and ILF are interrelated, as they both
describe aspects of a locus’s spatial position within the nu-
cleus. While these measures are correlated, they each capture
distinct aspects of nuclear organization. Considering them to-
gether provides a more comprehensive understanding of nu-
clear architecture than either metric alone.

We first studied the role of nuclear positions on DNA
damage susceptibility. The average radial position (RAD) of
genomic regions (and their interior localization probability
(ILF)) show high and significant correlations with in vivo
damage enrichment values (Fig. 3A and B) (RAD: Spearman
corr = —0.72, P-value~0 and ILF: Spearman corr = 0.72,
P-value~0). Mapping the in vivo damage enrichment values
onto a representative single-cell 3D genome structures (Fig.
3C, left panel) also depicts increased cisplatin damage levels
toward the nuclear interior and depleted levels at the nuclear
periphery (Fig. 3C, left panel). However, since EN regions are
enriched in the A compartment, which has a higher proba-
bility to be located toward the nuclear interior, we analyzed
the role of the radial positions separately for chromatin in the
A and B compartment. We stratified chromatin in each com-
partment into five quintiles based on their average radial po-
sitions. For both compartments, EN regions are strongly en-
riched toward the nuclear interior (Fig. 3D, left panel), with
the highest EN enrichment observed in the most interior radial
shell (quintile 0) (Fig. 3D, left panel). Conversely, DP regions
showed the opposite trend, with strong enrichment toward
the nuclear periphery in both A and B chromatin (Fig. 3E, left
panel).

Our findings also explain why both transcriptionally ac-
tive A1l and silenced B1 subcompartment chromatin are en-
riched in EN regions, whereas the transcriptionally active

A2 subcompartment lacks this enrichment. Both, A1 and
B1 chromatin are both preferentially localized toward the
nuclear interior, while A2 chromatin lacks this preference
and shows greater cell-to-cell variability in nuclear locations
(Supplementary Fig. S1 and Fig. 2B, right panel). B1 chro-
matin is enriched in repressive H3K27me3 histone modifica-
tions and transcriptionally silenced [44]. Compared to A1, EN
enrichment at B1 is modest, which may be attributed to B1’s
slightly larger cell-to-cell variability of its nuclear positioning
(Supplementary Fig. S2). Thus, independent of transcriptional
status, the nuclear position of a genomic region appears to be
an important factor for EN region enrichment, and thus DNA
damage susceptibility.

To validate our findings, we analyzed data from GPSeq ex-
periments, a genomic profiling technology that maps the av-
erage radial positions of genomic regions in haploid HAP1
cells [24]. Despite the difference in cell type, we found that
the average radial positions of genomic regions are well con-
served between HAP1 and GM 12878 cells (Pearson’s 7: 0.80)
[23]. We therefore stratified the 200 kb genomic regions into
quintiles based on their GPSeq-defined radial position [24].
Using GPSeq data, we found almost identical enrichment pro-
files for EN and DP regions across all radial position quin-
tiles (Supplementary Fig. S3A and B), confirming the results
obtained from our genome structure models in GM12878
cells. Thus, DNA damage susceptibility is indeed strongly cor-
related with nuclear position, independent of the chromatin
compartment.

It is unclear what physical mechanism underlies the pre-
ferred interior positions of damage enriched EN regions. It
has been established that some nuclear bodies, such as nuclear
speckles and polycomb bodies, show preferences in their lo-
cations toward the nuclear interior and are excluded from the
nuclear periphery [28, 29]. This raises the possibility that en-
riched DNA damage in specific nuclear environments may re-
sult from the preferred colocalization of genomic regions with
nuclear bodies that may contain an increased concentration of
cisplatin. To explore this, we investigated if preferred colocal-
ization with nuclear speckles could equally well, or even better
explain the observed enrichment patterns of damage-seq sig-
nals in chromatin regions with interior radial positions.

Our modeling approach predicts with good accuracy the
locations of nuclear speckles and nucleoli in each single-cell
genome structure model [22, 23]. To determine locations of
nuclear speckles in each single-cell genome structure, we de-
termined highly connected clusters of speckle associated chro-
matin following our established approach [23]. The geomet-
ric centers of these clusters represent good approximations of
nuclear speckle locations in single-cell models [23], as demon-
strated by the prediction of experimental SON TSA-seq data
from our models with high correlation (Pearson’s r = 0.87
[23] [25] (SON TSA-seq data measure the mean distances be-
tween genomic regions and speckles) [25]. Our models also
predicted SAFs of genomic regions with high correlation to
SAF measured in multiplexed FISH imaging [27] (Pearson’s
r=0.77 [23].

In vivo damage enrichment values showed a high correla-
tion with the SAF and mean speckle distances (SpD) of ge-
nomic regions (Fig. 3F and G) (SAF: Spearman corr = —0.72,
P-value~0 and SpD: Spearman corr. = —0.69, P-value~0).
Peaks in the predicted SAF profile align well with the sequence
locations of EN regions (Fig. 1, right panel). Moreover, in indi-
vidual chromosome structures increased DNA damage signals
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Figure 3. The role of a genomic region’s nuclear position in cisplatin DNA damage susceptibility The distribution of cisplatin-induced DNA damage in the
genome correlates with features of the nuclear organization, including nuclear positioning, subnuclear structures, and histone modification. (A) Scatter
plot of the average radial position (RAD) of each genomic region derived from the 3D genome structure population and its in vivo damage enrichment
value derived from damage-seq experiments. (B) Scatter plot of the ILF of each genomic region derived from the 3D genome structure population and its
in vivo damage enrichment value derived from damage-seq experiments. (C) (Left panel) Visualization of the 3D genome distribution of cisplatin DNA
damage enrichment. Cisplatin in vivo DNA damage enrichment value is mapped onto a representative whole diploid 3D genome structure at 200 kb
resolution. (Right panel) Visualization of the 3D distribution of cisplatin DNA damage enrichment values in two copies of chromosome 13 together with
the predicted locations of nuclear speckles (spheres) from the same 3D genome structure as in the left panel. (D) (Left panel) Enrichment folds of EN
regions in A versus B compartments at different radial positions in 3D genome structures. EN regions are divided into quintiles based on their average
radial position in the model population. (Right panel) Enrichment folds of EN regions observed in A versus B compartments at different distances to the
closest nuclear speckle in 3D genome structures. EN regions are divided into quintiles based on their average speckle distance in the model cell
population. (E) (Left panel) Enrichment folds of DP regions in A versus B compartments at different radial positions in 3D genome structures. DP regions
are divided into quintiles based on their average radial position in the model population. (Right panel) Enrichment folds of DP regions in A versus B
compartments observed at different distances to the closest nuclear speckle in 3D genome structures. DP regions are divided into quintiles based on
their average speckle distance in the model cell population. (F) Scatter plot of the SAF of each genomic region derived from the 3D genome structure
population and its in vivo damage enrichment value derived from damage-seq experiments. (G) Scatter plot of the average speckle distance (SpD) of
each genomic region derived from the 3D genome structure population and its in vivo damage enrichment value derived from damage-seq experiments.
(H) Enrichment fold heatmaps of several structural features calculated from the 3D genome structures at 200 kb base-pair resolution for EN (top row),
DP (middle row) and regions without significant damage change (bottom row). (I) Scatter plot of the LAF of each genomic region derived from the 3D
genome structure population and its in vivo damage enrichment value derived from damage-seq experiments. (J) Enrichment heatmaps for various
TSA-seq data from TSA-seq experiments of K562 cells for EN (top row), DP (middle row), and regions without significant damage change (bottom row),
200 kb resolution. SON, pSC25 are speckle markers. TSA-seq provides information about the median distance of a genomic region to a nuclear
compartment (speckles or lamins). (K) Enrichment heatmaps of histone modifications from ChlP-seq experiments for EN (top row), DP (middle row), and
regions without significant damage change (bottom row), 200 kb resolution (Materials and methods).

are preferentially found toward nuclear speckle locations as  frequency at which a genomic region associates to the lam-
shown in a representative genome structure models (Fig. 3C,  ina compartment at the nuclear envelope, a nuclear speckle or
right panel, using 2 homologues copies of chromosome 13 as a nucleolus. These association frequencies—termed LAF, SAF,
example). and NAF respectively—represent the fraction of occurrences

in proximity of these nuclear compartments [23]. We also de-
termined the local chromatin fiber decondensation by calcu-

Regions with cisplatin-indued DNA damage are lating the radius of gyration for chromatin 500 kb upstream
enriched in specific nuclear microenvironments and downstream from a locus (RG), along with the fraction of
To better characterize the nuclear microenvironment of ge- A and B compartment chromatin for these inter-chromosomal
nomic regions, we calculated a set of additional structural fea- encounters (trans A/B ratio) (Materials and methods).

tures from 3D genome structures, delineating their spatial po- We then calculated the fold enrichment of each structural
sitioning within the nuclear topography in single-cell models.  feature and association frequency in EN and DP genomic re-
Besides the radial position (RAD) of a genomic region and its ~ gions (Fig. 3H). EN and DP regions show opposite enrich-
distance to the nearest nuclear speckle (SpD), we calculated ment patterns. EN regions are enriched in genomic regions

the distance to the nearest nucleolus (NuD) and measured the ~ with smaller RAD and SpD values and higher SAF, ILF, and
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NAF values, with SAF showing the highest log fold enrich-
ment (Fig. 3H). In contrast, DP regions are characterized by
larger RAD and SpD values and overall lower SAFE ILF, and
NAF values.

Among all features, in vivo damage enrichment correlates
most strongly with SAF (Fig. 3F) (Spearman corr = 0.72, P-
value~0). This aligns with recent findings that cisplatin con-
centrations can be significantly enriched in nuclear speckles,
other nuclear bodies and transcriptional condensates [14, 15].
Since nuclear speckles are preferentially located toward the
nuclear interior, radial positions and speckle distances are nat-
urally correlated. Thus, the increased cisplatin concentrations
at nuclear speckles could therefore provide a rationale for the
enhanced DNA damage susceptibility of EN regions in the
nuclear interior and enhanced in vivo damage over isolated
DNA.

In contrast, high lamina association frequencies (i.e. LAF
values) are strongly enriched in DP and depleted in EN re-
gions (Fig. 3H). Consistently, the LAF is strongly anticorre-
lated with in vivo damage enrichment values (LAF: Spearman
corr = —0.73, P-value~0) (Fig. 3I), confirming that regions lo-
cated at the nuclear periphery are more protected from DNA
damage than those in DNA extracts.

We validated our findings with data from Tyramide Sig-
nal Amplification sequencing (TSA-seq) [25] experiments (Fig.
3]). TSA-seq is a genomic mapping technique that estimates
mean chromosomal distances from nuclear bodies and com-
partments, such as nuclear speckles (SON-TSA-seq) or the nu-
clear lamina (lamina-TSA-seq) [25]. For example, SON-TSA
generates a gradient of diffusible tyramide free radicals at
speckle locations, labeling nearby DNA. The amount of la-
beled DNA obtained from sequencing can then be translated
into mean distances to speckles using an exponential diffusion
model. Because TSA-seq data is not available for GM12878
cells, we used available TSA-seq data for the related K562
leukemia cell line [25]. Lamin A/C and B proteins are lo-
cated at the nuclear periphery linking specific chromatin re-
gions to the nuclear envelope. Lamin A/C and Lamin B TSA-
seq experiments measure the mean distance of genomic re-
gions from the nuclear lamin compartment. The enrichment
of these data in DP regions confirm our predictions that DP
sites are preferentially located at the nuclear periphery while
EN regions are depleted in lamina exposed chromosomal re-
gions (Fig. 3]). The proteins SON and pSC35 are marker pro-
teins for nuclear speckles. SON TSA-seq and pSC35 TSA-seq
experiments therefore measure the mean distances of genomic
regions to nuclear speckles. We found that EN regions have el-
evated SON, and pSC35-TSA-seq values, supporting our pre-
dictions that EN regions show small average distances to nu-
clear speckles. In contrast, DP regions are depleted in speckle-
related TSA-seq data, confirming our predictions that these re-
gions show on average a relatively larger distance to nuclear
speckles (Fig. 3]).

To validate that TSA-seq data from K562 cells are a good
proxy for GM 12878 cells, we also predicted SON and Lamin
B1 TSA-seq data from our 3D genome structure models of
GM12878 cells following a previously developed procedure
[22,23] (Fig. 1D). These predicted TSA-seq profiles are almost
identical to those of K562 cells with high correlations (SON
TSA-seq: Spearman corr = 0.89, LaminB1 TSA-seq: Spearman
corr = 0.81) [23], confirming the overall similarity of TSA-seq
data from K562 and GM 12878 cells.

Finally, to further validate the link between speckle prox-
imity and cisplatin-induced damage, we used HiCAN, a soft-
ware tool that extracts speckle and nucleolus components
from Hi-C contact matrices via non-negative matrix fac-
torization (NMF). The strong correlation observed between
speckle components extracted from GM12878 Hi-C data
and damage enrichment (Supplementary Fig. S4) further sup-
ports our interpretation that cisplatin-induced DNA dam-
age is enriched in chromatin regions proximal to nuclear
speckles.

Histone modifications and ChromHMM states are
correlated with cisplatin-induced DNA damage
through their nuclear positioning

To evaluate the impact of epigenetic modifications on
cisplatin-induced DNA damage, we calculated the enrich-
ment of histone modifications for EN and DP regions
(Fig. 3K). Interestingly, H3K9me2—a “peripheral heterochro-
matin” marker [49]—is the only histone modification enriched
in DP regions, consistent with our localization predictions
and its enrichment in the silenced B3 subcompartment. As ex-
pected, all tested histone modifications related to transcrip-
tional activation are elevated in EN and decreased at DP re-
gions (Fig. 3K). However, EN regions are also enriched in
repressive H3K27me3, which is associated with a silenced
state and linked to polycomb repressed chromatin regions.
We showed that B1 subcompartment chromatin, enriched in
H3K27me3, preferentially localizes toward the nuclear inte-
rior, in proximity to nuclear speckles [23]. Additionally, poly-
comb bodies are known to be excluded from the nuclear pe-
riphery [28, 29]. These observations suggest that the interior
locations of polycomb-repressed chromatin may contribute to
its increased susceptibility to DNA damage, despite its silenced
state.

We then studied if chromatin in different functional chro-
matin states show distinct enrichment of in vivo versus
in vitro damage sites. To do this, we utilized the chro-
matin states annotated by ChromHMM [43], a software
that integrates multiple epigenetic datasets to infer chromatin
states through a multivariate hidden Markov model. As ex-
pected, DNA damage is slightly enriched in states associated
with active chromatin, including promoters and enhancers,
and slightly depleted at repressed chromatin, including het-
erochromatin and repetitive regions (Fig. 4A) [4]. However,
when we stratify all genomic regions in each ChromHMM
state into quintiles of their average radial positions, we found
that cisplatin damage is again consistently enriched at in-
ner nuclear positions, regardless of the ChromHMM states
(Fig. 4A). The only exception is poised enhancers, which
show neither enrichment nor depletion (Fig. 4A, chromatin
state 3).

Active gene transcription and nuclear positioning
correlate with DNA damage susceptibility

We further assessed the role of active gene transcription in
cisplatin-induced damage enrichment. The majority of genes
in EN regions are highly expressed, whereas genes in DP re-
gions show lower expression levels (Fig. 4B). Consistently, Poll
II ChIP-seq signals are enriched in EN and depleted in DP re-
gions, with the strongest enrichment for Poll I Ser5p ChIP-seq
data (elevated by ~16%) (Supplementary Fig. S5) [50], linking
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Figure 4. Active gene transcription and nuclear positioning both play a role in DNA damage susceptibility Individual chromatin states are detected by
ChromHMM [40] and further stratified into radial position shells [within 0-0.2R (most interior), 0.2-0.4R, 0.4-0.6R, 0.6-0.8R, and 0.8-1R (most
peripheral), with R representing the radius of nucleus]. (A) Median in vivo damage enrichment value for chromatin regions (at ~1 kb resolution) stratified
by their chromatin statesand radial positions. The chromatin states are represented by numbers and listed at right. Chromatin within the same
ChromHMM state show highest damage enrichment toward the nuclear interior across all active and inactive chromatin states, with the exception of
poised promoter chromatin, which shows the highest damage enrichment across all radial layers. Chromatin within the same ChromHMM state show
highest damage enrichment toward the nuclear interior across all active and inactive chromatin states, error bar represent 95% CI (* p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001). (B) Violin plot of gene expression levels in EN/DP regions. Gene expression level in GM12878 is downloaded from
ENCODE and quantile normalized for all genes. Left half of violin plot show distribution of quantile normalized genes expression in DP regions. Right half
of violin plot show distribution of quantile normalized genes expression in EN regions. Y-axis represent the quantile normalized gene expression level,
e.g. 50% represent this fraction of gene have expression level higher than 50% of all genes. (C) Median in vivo damage enrichment value for chromatin
regions stratified by their MED1 target states and radial positions. Non-MED1 targets are randomly picked from genome with same number and average
length with MED1 targets, but at least 20 kb far away from MED1 targets (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).

elevated transcriptional activity to EN regions and enhanced
cisplatin induced DNA damage.

A recent study revealed that cisplatin can be enriched in
transcriptional condensates mediated by the MED1 subunit
of the Mediator complex. MED1 also plays a particular role
in super-enhancer organization and subsequent formation of
active transcriptional hubs [51, 52]. Using a MED1 Chip-seq
data [53] set, we found that in vivo damage enrichment val-
ues are significantly higher at sites bound by MED1 proteins
in comparison to randomly selected non-MED1 target sites
(non-MED1 sites were at least 20 kb away from MED1 ChIP-
seq peaks). To investigate the influence of the radial position
within MED1-binding sites, we then stratified MED-1 bind-
ing sites and non-MED1-binding sites into quintiles accord-
ing to their average radial positions in our models. For both
MED1 and non-MED1 target regions, cisplatin iz vivo dam-
age enrichment values were significantly higher toward the in-
terior nuclear shells in comparison to regions located toward
the nuclear periphery (Fig. 4C), thus emphasizing again the
confounding role of the nuclear locations for DNA damage
susceptibility even within regions under active transcription.

Chromatin accessibility is marginally correlated
with cisplatin-induced DNA damage

We also tested if chromatin accessibility, rather than the nu-
clear locations, could explain the cisplatin damage patterns
in vivo. We used ATAC-seq data as a measure for chromatin
accessibility since this technology probes open chromatin re-
gions at high resolution without requiring prior knowledge of
regulatory elements [54]. Radial positions might impact both
chromatin accessibility and iz vivo damage enrichment. Open

actively transcribed chromatin regions are generally located
more toward the nuclear interior. We therefore remove the im-
pact of radial positions, by computing the partial correlation
between the in vivo DNA damage enrichment values of a ge-
nomic region and the ATAC-seq signal from experiment, con-
ditioned by the radial position (Materials and methods). We
observed a significant but relatively low partial correlation be-
tween in vivo DNA damage enrichment values and ATAC-seq
signals (Spearman corr = 0.19, P-value~0) (Fig. SA). In con-
trast, when we computed the partial correlation between in
vivo damage enrichment values of a genomic region and its ra-
dial position, conditioned by the ATAC-seq signals, we found
a substantially higher partial correlation (Spearman corr =
—0.67, P-value = 2.8 x 107''1) (Fig. SA). This result suggests
that the nuclear location of a chromatin region is more closely
related to the distribution of cisplatin damage than chromatin
accessibility alone.

DNA repair does not correlate with
cisplatin-induced DNA damage patterns

DNA repair can in principle affect the distribution of iz vivo
DNA damage. XR-seq is a sequencing-based technology that
maps DNA nucleotide excision repair activity on a genome-
wide scale [4]. We analyzed XR-seq data of GM12878 cells
to assess the influence of DNA repair activity on DNA dam-
age distributions. We found that XR-seq and cisplatin damage
show highly correlated signal distributions (Fig. 5B, Spearman
correlation = 0.65) (Fig. 5C). Moreover, chromatin regions
with the top 10% XR-seq are concentrated in the nuclear in-
terior and in close distances to nuclear speckles, coinciding
the distribution of EN regions (Supplementary Fig. S6A). In
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contrast, chromatin with the bottom 10% XR-seq signal does
not have a clear preference in terms of nuclear positioning nor
distances to nuclear speckles (Supplementary Fig. S6B).

It is well established that transcription-coupled repair
(TCR) efficiently removes cisplatin-induced DNA damage,
leading to higher XR-seq signals at actively transcribed genes
[41, 55]. Since transcriptional activity is also generally higher
in the nuclear interior, we aimed to disentangle whether
the enrichment of XR-seq signals in the nuclear interior is
driven by transcriptional activity or by nuclear positioning.
To address this, we stratified genomic regions in GM12878
cells based on their transcriptional activity and further di-
vided them according to the radial nuclear shell they oc-
cupy. Within each shell, XR-seq signals were consistently
higher in highly expressed regions, confirming the known
link between DNA nucleotide excision repair and transcrip-
tional activity (Supplementary Fig. S7). However, when com-
paring XR-seq signals across shells, we found that moder-
ately expressed regions in the inner nuclear shells (shells
1-6) had higher XR-seq signals than highly expressed re-
gions in the outer nuclear shells (shells 8-10). This suggests
that, while XR-seq signals correlate with transcriptional ac-
tivity, they are also influenced by nuclear positioning, poten-
tially due to higher levels of DNA damage in the nuclear
interior.

Our observation suggests that the DNA repair does not fun-
damentally alter cisplatin-induced DNA damage patterns. In-
stead, the recruitment of DNA repair machinery likely occurs
after the induction of DNA damage, resulting in the distribu-
tion of DNA repair activity mirroring the distribution of DNA
damage.

Functional consequences of cisplatin-induced DNA
damages

We further explored the type of genes that are most affected
by cisplatin damage. Gene Ontology analysis shows that genes
with elevated DNA damage levels (Fig. 6, left panel) are
mainly involved in metabolic and cellular organelle organiza-
tion processes, while genes with decreased damage levels (Fig.
6, right panel) are related to protein de-ubiquitination and im-
mune response related pathways.

Overall, our findings indicate that the uneven distribution
of cisplatin-induced DNA damage in the nucleus can perturb
specific functional pathways, underscoring the interplay be-
tween nuclear organization and gene function.

The impact of nuclear positioning on
Platinum-induced DNA damage in chemoresistant
cancer cells

Finally, we explored the role of 3D nuclear architecture in
chemoresistance to Platinum-based drugs in cancer, by ana-
lyzing genome structural differences between drug sensitive
and drug-resistant HCT116 colon cancer cell lines. These cell
lines have a near-diploid genome, facilitating genome struc-
ture modeling.

Oxaliplatin is a widely used platinum-based drug for colon
cancer treatment. To investigate differences in the oxaliplatin-
induced response, we focused on two HCT116 cell lines: the
oxaliplatin-sensitive HCT116 OxS, (hereafter SEN) and the
resistant HCT116 OxR (hereafter RES), which exhibits re-
sistance to oxaliplatin treatment, with an ICsy of 7.21 uM
compared to 0.59 uM in parental HCT116 cells [56]. We per-
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Figure 6. Downstream effect of the differentially damaged cisplatin regions(Left panel) Top 11 gene ontology groups for genes in EN regions with the
highest damage enrichment FDR. (Right panel) Top 11 gene ontology groups for genes in DP regions with the highest damage enrichment FDR.

formed oxaliplatin DNA damage-seq on both cell lines (RES
and SEN) under untreated and drug-treated conditions and
Hi-C experiment on RES. Oxaliplatin has a higher cytotoxi-
city in colon cancer models [47] than cisplatin. To maintain
consistency with cisplatin DNA damage-seq experiments, we
selected a dose of oxaliplatin in HCT116 OxR cells that is
~10 times its ICsq value (i.e. 50 uM) [47].This choice ensures
that DNA damage and cytotoxicity induced by oxaliplatin are
comparable in magnitude to the effects observed in cisplatin-
treated cells.

Following oxaliplatin administration, cells were incubated
for 3 or 24 h to assess short- and long-term damage before
quantifying the fold change in DNA damage between RES
and SEN cells (Materials and methods). After 3 h of oxali-
platin treatment, we identified 449 chromatin regions with
significant differences in DNA damage (FDR < 0.05). Among
these, 122 regions showed increased DNA damage (fold
change > 1), while 317 regions showed decreased DNA dam-
age in RES cell (fold change < 1) (Supplementary Table S2) in
comparison to SEN cells (Supplementary Fig. S8A).

A 24-h treatment significantly increased the number of
chromatin regions (708 regions) with differential DNA
damage between RES and SEN cells (FDR < 0.05). Of
these, 226 regions showed significantly increased damage
in RES cells, while 482 had significantly decreased damage
(Supplementary Table S2 and Supplementary Fig. S8B). Over-
all, RES cells had almost twice as many regions with reduced
than increased damage, supporting a global decrease in DNA
damage in these cells. These findings are consistent with a
previous study showing overall lower DNA damage levels in
oxaliplatin-resistant compared to sensitive cell lines [57].

Following confirmation of the near-diploid status of RES
cells (Materials and methods), we used IGM [22] to generate
3D genome structures of SEN and RES cells from Hi-C data
without oxaliplatin treatment. We then analyzed the nuclear
locations of regions with significantly altered DNA damage in
RES cells. Regions with decreased damage were significantly
closer to nuclear speckles and farther from the nuclear periph-
ery in both SEN and RES cells after 3- and 24-h oxaliplatin
treatments (Fig. 7 and Supplementary Fig. S9). In contrast, re-
gions with increased damage in RES cells were closer to the
lamina compartment at the nuclear periphery for both 3 h-

(Supplementary Fig. S9B and D) and 24-h oxaliplatin treat-
ments (Fig. 7B and D). However, the correlation between de-
creased DNA damage and higher speckle association is sub-
stantially stronger after 24 h of treatment (Fig. 7C and D)
compared to 3 h (Supplementary Fig. S9C and D). Chromatin
regions with high SAFs are enriched with housekeeping genes
in gene-dense areas. In RES cells, regions with significantly
decreased DNA damage are part of these gene-dense regions,
while those with increased DNA damage are at the nuclear
periphery in gene-poor regions (Fig. 8).

Discussion

Cisplatin and oxaliplatin are one of most widely used first-line
anti-cancer drugs. Dissecting the cytotoxicity and mechanisms
of resistance for Pt-drugs is key for improving their perfor-
mance for chemotherapy. The essential events in the action
of cisplatin include the entry and accumulation of cisplatin in
the cytoplasm, the entry and spatial distribution of cisplatin
in the nucleus, the crosslinking of DNA bases, and subse-
quent DNA repair activity. Unlike other extensively studied
events, little research has been conducted on the uneven spa-
tial distribution of cisplatin in the nucleus with potential con-
sequences on cisplatin’s action on DNA. The nucleus contains
various phase-separated condensates that compartmentalize
and potentially concentrate biomolecules based on their dis-
tinct physicochemical properties [14]. Recent evidence from
in vitro experiments have shown that cisplatin could be en-
riched in biomolecular condensates linked to specific nuclear
bodies and transcriptional condensates [14, 15], raising the
possibility that the spatial distribution of cisplatin and sub-
sequently the variation of its local concentration in the nu-
clear environment could play a key role in how effectively cis-
platin can damage specific DNA regions. Moreover, it has been
shown that a drug-response mechanism of cisplatin-treated
cancer cells is the fragmentation and reduced sizes of nucle-
oli [16-18], which could potentially eradicate nuclear envi-
ronments with high cisplatin concentrations. It is therefore of
high significance to investigate if cisplatin-induced damage is
increased at specific nuclear microenvironments, for instance
locations of nuclear bodies in intact nuclei.
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Figure 7. The impact of nuclear positioning on platinum-induced DNA damage in chemoresistant cancer cells (oxaliplatin treated 24 h) (A) Violinplot of
(left panel) LAF and (right panel) SAF of genomic regions in SEN cell with significantly change of damage level in RES versus SEN cell treated by
oxaliplatin for 24 h (damage decreased regions: P-adjust value < 0.05, fold change < 1, Damage increased regions: P-adjust value < 0.05, fold
change > 1, other regions are without damage change) (B) Violinplot of (left panel) LAF and (right panel) SAF of genomic regions in RES cell with
significantly change of damage level in RES versus SEN cell treated by oxaliplatin for 24 h (damage decreased regions: P-adjust value < 0.05, fold
change < 1, damage increased regions: P-adjust value < 0.05, fold change > 1, other regions are without damage change) (C) Scatter plot of the (left
panel) LAF and (right panel) SAF of each genomic region derived from the 3D genome structure population in SEN cell and its damage fold change in
RES versus SEN cells, treated by oxaliplatin for 24 h. (D) Scatter plot of the (left panel) LAF and (right panel) SAF of each genomic region derived from
the 3D genome structure population in RES cell and its damage fold change in RES versus SEN cells, treated by oxaliplatin for 24 h.
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Figure 8. Damage level fold change in RES versus SEN cell at genomic regions with different gene density. (A) Violinplot of damage level fold change in
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This study reveals that variations in cisplatin-induced DNA
damage susceptibility across genomic regions correlates with
their preferential spatial positioning within the 3D nuclear ar-
chitecture. This suggests that the nuclear microenvironment
can play a significant role in the distribution of cisplatin-
induced DNA damage. We therefore explored the structural
characteristics of the nuclear genome that contribute to the
differential susceptibility of chromatin to DNA damage.

EN regions experience an increased likelihood of sustaining
damage within the nuclear environment compared to isolated

DNA. This observation suggests that genes containing EN re-
gions are generally more prone to DNA damage compared to
other genes, even at lower drug concentrations.

EN regions are generally enriched in the A compartment
and depleted in B compartment, while DP regions are de-
pleted in A compartment. However, cisplatin damage suscep-
tibility can only partially be explained by the transcriptional
status of the genes. Indeed, when stratifying chromatin based
on Hi-C subcompartments, it is evident that EN regions are
not only enriched in chromatin of the highly active A1 sub-



compartment, but also in chromatin in the silenced B1 sub-
compartment, which is associated with polycomb repressed
chromatin regions, while EN regions are slightly depleted in
chromatin of the transcriptionally active A2 subcompartment
(Fig. 2B). This observation is confirmed by an enrichment
of H3K27me3 in EN regions, which are known to be as-
sociated with polycomb silenced heterochromatin. Thus, in-
creased DNA damage susceptibility iz vivo cannot solely be
explained by the transcriptional status of a gene alone.

We then explored the influence of the nuclear microenvi-
ronment on DNA damage susceptibility, by assessing the lo-
cation of chromatin in the nucleus relative to nuclear bod-
ies. This analysis was based on a population of 3D genome
structures generated using Hi-C data through our population-
based genome modeling approach [22, 23]. We made several
interesting observations. The susceptibility to cisplatin DNA
damage shows strong correlation with the nuclear locations
of genomic regions, independent of the functional activity of
genes. For chromatin in the transcriptionally active A com-
partment, we see a gradual increase in EN enrichment fold
toward the interior of the nucleus. Similarly, B compartment
chromatin shows the highest EN enrichment fold at the most
interior radial shell. In contrast, DP regions show the oppo-
site trend, with a strong DP enrichment toward the nuclear
periphery. Our observations also find that silenced B1 sub-
compartment chromatin is enriched in EN regions, since it
is preferentially located toward the nuclear interior, in con-
trast to lamina associated heterochromatin. Likewise, active
A2 subcompartment chromatin, despite being transcription-
ally active, does not show pronounced enrichment toward the
nuclear interior and is not enriched in EN regions, (Fig. 2B).
We confirmed our predictions with GPSeq experimental data
(Supplementary Fig. S3) [24].

We found similar results using ChromHMM [43] to de-
fine chromatin functional states. Almost all ChromHMM
states—including active promoters, active enhancers, and the
heterochromatin—showed the highest damage fold enrich-
ment at the most interior radial positions, with a gradual de-
crease of damage fold enrichment moving toward the outer
radial locations (Fig. 4A).

Interestingly, we also found that the nuclear position of a
chromatin region is a stronger indicator for in vivo cisplatin
DNA damage enrichment than chromatin accessibility: the av-
erage radial position of a chromatin region shows a 3.5-fold
higher partial correlation with DNA damage enrichment than
chromatin accessibility measured in ATAC-seq experiments
(Fig. SA).

Although we find a clear dependency between interior nu-
clear positions and cisplatin DNA damage susceptibility, it is
unknown what underlying factors could cause this correla-
tion. Here, we showed that the distances to nuclear speckles
can explain observed DNA damage susceptibility. Indeed, the
correlation of in vivo damage enrichment values with speckle
distances is higher than the correlation observed for radial po-
sitions (Fig. 3H). We further assessed these observations using
TSA-seq data, which confirmed that EN regions are enriched
with high SON TSA-seq signals [25], indicating smaller aver-
age speckle distances. Conversely, DP regions show depleted
SON TSA-seq signals, consistent with larger speckle distances.
Similarly, B1 subcompartment chromatin shows higher av-
erage SON TSA-seq signals, thus, smaller average nuclear
speckle distances than transcriptionally active A2 chromatin
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[23], consistent with the observed higher /72 vivo DNA damage
enrichment for B1 than for A2 chromatin.

This observation is interesting, because unlike radial po-
sitions, speckle distances could provide a physical rationale
for increased DNA damage. It has been recently observed
that cisplatin concentrations can be significantly increased in
biomolecular condensates, including those in nuclear bodies
[14, 15], indicating that proximities to high cisplatin concen-
trations in some nuclear bodies could explain increased cis-
platin induced DNA damage in the nuclear environment.

Our findings rationalize an unusual observation; namely,
that the nuclear microenvironment not only reduces DNA
damage susceptibility for some chromatin regions in compar-
ison to isolated DNA extracts but also can increase DNA
damage susceptibility for other chromatin regions. While re-
duced DNA damage susceptibility can easily be rationalized
by the protective nature of chromatin proteins, in particular
for transcriptionally silenced and compact heterochromatin,
the increased susceptibility of other regions is less comprehen-
sible. Here, we show that increased DNA damage susceptibil-
ity within the nuclear environment is correlated with lower
average distances to nuclear speckles. This observation could
partially be explained by a potentially higher cisplatin con-
centration in condensates of specific nuclear bodies, as well as
transcriptional biomolecular condensates.

Increased cisplatin-induced DNA damage susceptibility is
likely a combination of several confounding factors, includ-
ing contributions from chromatin accessibility, transcriptional
activity, and local DNA repair efficiency. Here, we show that
the location of genomic regions in the nucleus with respect to
nuclear bodies play also a major role in DNA damage suscep-
tibility. These findings should be considered when studying the
molecular mechanisms of platinum-drug chemoresistance.

We also investigated the 3D nuclear distribution of DNA-
damaged chromatin following oxaliplatin treatment in both
drug-sensitive (SEN) and drug-resistant (RES) HCT116 can-
cer cells. Our analysis revealed that differences in DNA dam-
age levels between SEN and RES cells are mapped to specific
nuclear regions. For instance, in resistant cells, we observed re-
duced DNA damage in chromatin near nuclear speckles, coin-
ciding with gene rich chromatin with highly active gene tran-
scription, which could benefit cell survival by preserving es-
sential gene functions. Conversely, RES cells show increased
DNA damage accumulation in chromatin near the nuclear
lamina compartment, a gene-poor region, where such dam-
age may have a lesser impact on cell viability (Fig. 7). Thus,
a more widespread nuclear distribution of oxaliplatin toward
the nuclear periphery might help mitigate oxaliplatin-induced
DNA damage on vital gene-dense chromatin regions located
at the nuclear speckles, which often contain housekeeping
genes crucial for cell survival. This observed spatial redistribu-
tion of DNA damage in cancer cells during the development
of chemoresistance agrees with the classical “bodyguard hy-
pothesis,” which suggests that heterochromatin acts as a pro-
tective buffer, shielding gene rich euchromatin against DNA
damage [58]. At this point, it remains unclear whether the re-
distribution of DNA damage in resistant cells contributes to
resistance or is merely coincidental. Clarifying this relation-
ship requires additional experiments across various resistant
cell lines. It would be crucial to know whether this observed
pattern of DNA damage represents an evolutionary adapta-
tion to Platinum-based treatment, or merely a “survivorship
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bias” among cancer cells during the selection of drug treat-
ment. Other drug-resistant mechanisms, such as differences in
the activity of membrane transporters, detoxification mecha-
nisms, or DNA repair activity could be alternative adaptive
strategies for cell survival. This discovery necessitates further
investigations into how the nuclear architecture influences the
development of chemoresistance.

Another promising avenue for future research is explor-
ing how cisplatin-induced uneven DNA damage distribution
within the nuclear architecture affects downstream physio-
logical processes. This includes examining its effect on tran-
scription, RNA splicing and overall gene expression regula-
tion. Cisplatin-DNA adducts are well known to inhibit gene
transcription through several mechanisms, including block-
ing RNA polymerase progression, obstructing transcription
factor binding at promoter sites, and disrupting nucleoso-
mal structure and mobility [59]. For instance, Merav et al.
[60] compared gene expression in cisplatin-treated cells to un-
treated control and found a modest but highly significant neg-
ative correlation (P = —0.36, P-value: < 2.2e-16) between
gene expression fold change and the number of cisplatin-
induced damage sites within a gene. This suggests that genes
sustaining higher levels of damage experience greater tran-
scriptional impairment. Additionally, their analysis showed
that longer genes have significantly lower RNA-seq counts
after cisplatin treatment, indicating they are more transcrip-
tionally impaired than shorter genes, whose transcript lev-
els are less affected [60]. We therefore expect genes with a
higher number of EN regions to be more susceptible to tran-
scriptional impairment. This study also demonstrated that at
the dose of 200 uM cisplatin—the same concentration used
in our analysis—leads to significant differences in cisplatin-
induced transcriptional alterations across gene groups [60].
Despite the relatively high and potentially saturating dose
of cisplatin, these findings highlight that even in the pres-
ence of extensive DNA damage, variations in damage levels
among different genes remains functionally relevant. More-
over, given the connection between DNA damage suscepti-
bility and genome architecture, we expect that differences in
DNA damage susceptibility will persist even at lower drug
doses.

Given these effects, it would be valuable to investigate
whether genes located near nuclear speckles are more suscepti-
ble to transcriptional suppression due to elevated DNA dam-
age levels on their gene bodies. Additionally, examining the
downstream cellular and molecular effects, such as change of
cell signaling, DNA repair, and apoptosis, that result from al-
tered gene expression in these regions could provide critical
insights into cisplatin’s mode of action.

Cisplatin treatment may also disrupt RNA splicing by af-
fecting SR splicing factors, potentially contributing to its cy-
totoxic effects [61]. Investigating how cisplatin-induced dam-
age distribution influences RNA splicing in speckle-proximal
genes could uncover novel mechanisms underlying its cellular
impact and toxicity.

Notably, nuclear condensates, including speckles, are dy-
namic structures whose size, shape, and biophysical proper-
ties can evolve in response to platinum drug treatment. For
example, studies have observed that certain speckle compo-
nents, such as SR proteins, are redistributed to nucleoli fol-
lowing UV-induced DNA damage [62]. These findings suggest
that DNA damage events may alter the protein and nucleic

acid composition of nuclear speckles [61]. Such changes could
further modulate the role of the nuclear architecture in DNA
damage susceptibility. Future imaging studies could provide
a deeper understanding of these dynamic changes by charac-
terizing the protein and nucleic acid composition of nuclear
bodies during cisplatin treatment. Such studies would enhance
our understanding of how nuclear architecture mediates the
distribution of DNA damage and its broader implications for
cellular function and drug response.
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database under accession number GSE267578.
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GM12878 Hi-C data was downloaded from 4DN data por-
tal  (https://data.4dnucleome.org/experiment-set-replicates/
4DNES3JX38V5/).

HCT116 oxaliplatin sensitive cell (wild-type HCT116
without any treatment) Hi-C data were downloaded
from 4DN data portal (https:/data.4dnucleome.org/files-
processed/4DNFIFLDVASC/).

The cisplatin damage-seq data of GM12878 cell were
downloaded from (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE82213).

GM12878 gene expression data were downloaded from
ENCODE (https://www.encodeproject.org/experiments/
ENCSR297UBP/).

ATAC-seq fold change signals (bigwig files) of
GM12878 cells were downloaded from ENCODE (https:
/lwww.encodeproject.org/experiments/ENCSR095QNB/).

Histone modification data (except H3K9me2, big-
wig files) for GM12878 were downloaded from EN-
CODE (https://www.encodeproject.org/search/?type=
Experiment&control_type!=+&status=released&perturbed=
false&assay_title=Histone+ChIP-seq&biosample_ontology.
term_name=GM12878). There is no H3K9me2 data
for GM12878 B lymphoblastoid cell so we down-
loaded the H3K9me2 data of human T cell data from
https://dir.nhlbi.nih.gov/papers/Imi/epigenomes/hgtcell.aspx
instead.

Pol I and Pol I Ser5Sp ChIP-seq data are down-
loaded from https://www.encodeproject.org/experiments/
ENCSRO00BGD/  and  https://www.encodeproject.org/
experiments/ENCSROOOBIF/. MED1 ChIP-seq peaks is
downloaded from GSE93080 [53] at GEO database.

There is no SON or Lamin B1 TSA-seq data of
GM12878 cell so we downloaded the TSA-seq data
of human immortalized myelogenous leukemia cell line
K562 TSA-seq from 4DN data portal instead (bigwig files,
https://data.4dnucleome.org/publications/Ocbf34ae-fd3e-
4b9d-a02f-cc80f1f8a872/#expsets-table).

The XR-seq data of GM12878 cell was downloaded
from  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE82213 (bigwig files).

ChromHMM annotations were downloaded from
UCSC (https://genome.ucsc.edu/cgi-bin/hgTrackUi?g=
wgEncodeBroadHmm&db=hg19).

The 3D genome structure of GM 12878 cell is from https:
/lzenodo.org/records/7352276.

Code availability

The IGM source code, README file illustrating installation
and execution, demo input, and expected outputs are all avail-
able at www.github.com/alberlab/igm/ and https://doi.org/10.
5281/zenodo.15150846.
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